Introduction
Polycystic kidney disease (PKD) is an important cause of end-stage renal failure in humans. Despite its high prevalence, the process of cyst formation in PKD remains poorly understood. Cyst formation induced by exposure of newborn rodents to pharmacological doses of glucocorticoids has proven to be a stable model of this process (1) . Cyst induction in this model has been linked to activity of the ubiquitous transport enzyme, sodium-potassium ATPase (Na,K-ATPase) in both in vitro and in vivo studies (2.3). McDonald et al. (4) have reported that glucocorticoid-induced PKD (GIPKD) in mice has the characteristics of a threshold trait, with differing mouse strains exhibiting heritable variation in susceptibility to cyst induction. In previous studies, we have demonstrated that mice with a low threshold or high susceptibility to GIPKD show slightly earlier induction of Na,K-ATPase after a single injection of the newborn with 200 mglkg of methylprednisolone acetate (MPA) (3). We have also shown that strains with high and low thresholds show a similar final degree of induction of the enzyme by MPA and have significant, although different, relationships between whole-organ homogenate Na,K-ATPase activity and tubule luminal volume ( 5 ) . Changes in cellular distribution of Na,K-ATPase towards a nonpolar pattern have been described in renal tubule cells cultured from human PKD (6) and also in spontaneous murine models (7) . On the basis of these observations, we hypothesized that the different relationship between renal tubule luminal volume and Na,K-ATPase activity observed in high-and low-threshold strains might represent a difference in location of the enzyme between the apical and basolateral surfaces. This report describes immund; histochemical, densitometric, and fluorometric studies that demonstrate that cyst formation in GIPKD is associated with mislocation of Na,K-ATPase to the apical renal tubular cell surface.
Materials and Methods
C3H and DBA mice were obtained from breeding stock kept at the Central Animal Care Facility, Faculty of Medicine, University of Manitoba. All experimental procedures were approved by the University Committee on Animal Use and were within the guidelines of the Canadian Council on Animal Care. A polyclonal rabbit anti-Na.K-ATPase was obtained from East Acres Biological (Southbridge. MA). This antibody had an end-point dilution of 1:800 in an ELISA against 1 pg/ml undegraded rabbit renal Na,K-ATPase. Immunobed (Polysciences; Warrington, PA) embedding medium was purchased from Analychem (Markham, Ontario, Canada). All other antibodies, chemicals, and reagents were purchased from Sigma (St Louis, MO) and were analytical grade or the best available.
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Newborn mice (less than 24 hr old) were injected with 200 mg/kg of methylprednisolone acetate or 0.01 ml of 0.9% saline in the left hind leg. The animals were sacrificed by cervical dislocation 3 days after injection. Immunohistochemical staining was performed by adaptation of the methods of Avner et al. (8) . The kidneys were removed and placed in 3.5% paraformaldehyde for 15 min. then embedded in Immunobed using the monomer solution as a dehydrating agent. Na.K-ATPase staining was performed on 1.5-pm sections dried onto glass slides. Sections were etched with a solution of0.75% sodium hydroxide in ethanol. and after a briefwater rinse were trypsinized at 37'C with 0.4% trypsin in 0.2% calcium chloride. The sections were rinsed mice in 0.05 M Tris. 0.16 M NaCI buffer (pH 7.6), then incubated with 5 % goat serum for I5 minas a blocking serum. Sections for peroxidase staining were pre-treated with 3O/o hydrogen peroxide. A 1:10 dilution of primary antibody or non-immune rabbit serum as a negative control was then applied, and the slides incubated at 4'C overnight. Sections incubated in the absence of primary antibody. secondary antibody. or PAP complex were also used as controls. After rinsing, sections for immunofluorescent staining were incubated for 1 hr with 1230 polyclonal antirabbit IgG complexed with FITC. Sections for immunoperoxidase staining were incubated with 1:80 unlabeled polyclonal anti-rabbit IgG for 2 hr and subsequently incubated with 1:150 peroxidase-anti-peroxidase complex before development with 0.01% peroxide and 0.05% diaminobenzidine. Sections for measurement of tubule luminal area were stained with hematoxylin and eosin using standard techniques.
Morphometry was performed using a system attached to a Cohu highresolution black-and-white camera that interfaced with a Packard Bell 386 computer via a PC Visionplus board. Both peroxidase staining and tubule luminal area were measured using the DensitomerrylFluorometry module (IM4100) of the ImageMeasure software package (Phoenix Biotechnology: Seattle, WA). Quantitation of peroxidase staining was performed using standard densitometric techniques (9) on non-counterstained sections by the repeated placement of a 100-pixel window over apical or basolateral areas of tubules selected by random cursor movement in a x 355 magnified image, and the area of the window beyond the staining threshold was recorded as a percentage of the total window. The midpoint of the window was placed on the apical or basolateral surface. Apical measurements did include some portion of lateral membranes from approximately the inner third of the tubule cells. A minimum of 300 measurements was taken from each kidney section. Tubule luminal area was determined by the Fluorometry mode, using a 16,000-pixel window on a x355 magnified image, with 50 nonoverlapping measurements taken over the entire section to eliminate selection bias. Tubule luminal area was expressed as a percentage of the total section area.
Statistical analyses were performed using one-way analysis of variance with the Tukey procedure for post hoc comparisons or linear regression analysis using Systat version 2.0 (Systat: Evanston. IL) (IO).
Results
The kidneys of 30 mice (17 C3H, 13 DBA) were studied. As expected from the predictions of the model of McDonald et al. (4) . C3H treated with MPA demonstrated significantly greater cyst formation than saline-treated C3H and all DBA animals, as assessed by tubule luminal area. This cyst formation was associated with a marked trend towards apical location of anti-Na,K-ATPase staining (Figures la and Ib) . FITC-labeled sections showed an identical distribution, confirming that these results were not an artifact of the secondary antibody-color development system. Saline-treated C3H animals and most DBA animals exhibited a pattern of staining that was consistent with the traditional concept that most Na,K-ATPase is located on the basolateral surface.
Densitometric analysis confirmed the visual finding that there was an excess of staining on the apical surface of C3H animals treated with MPA. Indeed, in these animals a reversal of normal polarity was demonstrated by this system, with the majority of staining being present on the apical surface, even though there was an increase of staining on the basolateral surface compared with saline-treated animals (Figure 2) . When the relationship between densitometry of staining and fluorometric measurements of tubule luminal area were considered, a significant relationship was found between apical staining in C3H animals and tubule luminal area 0, = 0.724~-0.017, r = 0.643,) = 0.005) (Figure 3) . No other significant relationships were found.
Discussion
Our results complement the findings of previous studies which have implied that the activity of N,K-ATPase is significant in cyst for- 
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tion. Grantham et al. (12) demonstrated that ouabain treatment of cysts formed by the proliferation of MDCK cells in a collagen matrix was also modified by ouabain. Cells cultured in the presence of ouabain continued to replicate but formed solid clumps of tissue rather than cystic structures. Mislocation of Na,K-ATPase to the apical cell surface has been described in in vitro preparations of cells from human dominantly inherited PKD by Wilson et al. (6) . Selective apical, but not basolateral, application of ouabain in this model inhibited **Na transport into the apical medium. A similar immunohistochemical finding has been noted in an autopsy sample of a child with human autosomal recessive polycystic kidney disease (13) and in a murine model of PKD (7). These findings suggest that Na,K-ATPase-dependent secretion of sodium is an integral part of cyst formation. Carone et al. (14) , however, were unable to demonstrate Na,K-ATPase mislocation to the cell apex in the diphenylthiazole-induced model of PKD in the rat early in the course of this model, although loss of basolateral Na,K-ATPase was demonstrated.
Our experimental approach provides information on the regional distribution of Na,K-ATPase. It is not possible to determine if the increased density of apical staining represents an increased density of units per length of membrane compared with the basolateral surface, or merely an equal density in a tightly invaginated apical membrane. Further studies would be necessary to determine the mechanism for its retention in the apical membrane and to confirm that it is a functional enzyme. Nelson and Veshnock (15) have established that Na,K-ATPase is anchored in the cell membrane by association with cytoskeletal proteins ankyrin and fodrin. After cell contact with cultured MDCK cells, an important in vitro renal tubular cell model, Na,K-ATPase continues to be distributed to both basolateral and apical cell surfaces, but the apical enzyme is mation. Our studies do not determine, however, whether the mislocation of Na,K-ATPase is an integral part of cyst formation, is a permissive event to cyst formation, or is a marker for progression of cells to a more active proliferating state. Avner et al. (ll) , in an in vitro model of murine cyst formation by glucocorticoids in metanephric organ culture, found that treatment with the Na,K-ATPase blocking agent ouabain virtually eliminated cyst forma- : 2090 lo9 5% 10% 15% 10% 25% 30% 35% 40% 45% 50% Basolabral Peroxidase Steinins rapidly inactivated and then lost from the membrane (16) . Retention in the basolateral membrane parallels retention of the cell adhesion molecule E-cadherin, which may be an essential co-factor in the assembly of anchored Na,K-ATPase units (17) . A disturbance at the level of Na,K-ATPase retention appears to be the most likely explanation for our findings, but further study of relationship to anchoring proteins is required.
Studies of Na,K-ATPase in murine models of cyst development in young animals face the difficulty that immature and developing nephrons may show a certain degree of apical location of Na,K-ATPase under normal circumstances (18) . Our application of objective measurement under rigorous conditions of uniformity of lighting and staining reduces this as a confounding factor. Although the window size used does include some lateral membrane within apical study areas, the ability of the threshold model to provide both strain and treatment controls minimized the effect of this potential error on results.
The available experimental evidence supports a hypothesis that cyst formation may be associated with mislocation of Na,K-ATPase to an apical location, leading to a net secretion of sodium into the luminal space, increasing tubule fluid accumulation and favoring cystic dilatation of nephrons. As this structural arrangement has also been identified in actively replicating and developing renal tubules, it may be a feature that is inexorably linked to a state of renal tubule cell hyperplasia. Such hyperplasia is generally agreed to be a unifying feature among models of PKD. Our finding of a difference of the pattern of localization of the enzyme between strains sensitive and resistant to GIPKD provides further evidence for involvement of Na,K-ATPase in renal cyst formation.
